Abstract. The objective of this research was to determine whether acidiccontaminated soil systems amended with alkaline industrial by-products enabled plant growth equivalent to that attained with a commercial grade mixture of CaCO 3 and CaO. In addition, it was determined whether an alkaline by-product dosage threshold existed, above which plant growth was impaired. Three types of cement kiln dust, three types of lime kiln dust, and two other alkaline by-products (Dicalcium Silicate, Carbide Lime) were applied to metalliferous tailings (pH 1.8) and a metal contaminated natural soil (pH 5.0) in a greenhouse pot study. Most alkaline products (pH 9.9 -13.7) contained enriched metal concentrations of Al, As, B, Ba, Cd, Cr, Cu, Mn, Ni, Pb, Se and Zn. However, phytotoxic concentrations may have been mitigated i) when diluted in the soil profile at an application rate of 2 % to 10 % (soil dry weight basis), and ii) by the final amended soil pH in the range of 7.0 -8.4 where these metals of concern were present at very low concentrations in the soil solution. All alkaline products produced a desired soil pH (7.0 -8.4) in the root zone during plant growth tests. Following a 111-day plant growth period with Basin Wildrye (Leymus cinereus) and Redtop (Agrostis alba), all alkaline industrial by-products tested had plant growth equal to-or greater than-the CaCO 3 /CaO mixture. For each alkaline industrial product, including the CaCO 3 /CaO mixture, the greater the application rate, the less was the plant growth. Over the alkaline product dosage range of 0 % to 12 % (soil dry weight basis) the loss in aboveground plant biomass was 65 % for Basin Wildrye and 88 % for Redtop.
Introduction
Due to absence of a market, many types of alkaline industrial by-products have historically been landfilled in the United States. Cement kiln dust (CKD) and lime kiln dust (LKD) are two of the most common alkaline by-products, but there are many others. In some regions of the United States, the near proximity of these alkaline by-products to acidic-contaminated landscapes in concert with low acquisition cost, make these by-products an attractive option for land reclamation projects.
Concern is present that alkaline industrial by-products contain metals and/or soluble salts that may impair plant growth when used to treat soil acidity (Portland Cement Association 1992, Daniels et al. 1996 , Gitt and Dollhopf 1991 , Kelly 1997 . Alkaline by-products frequently emanate from a combustion process and contain ash from chemical additives and the fuel such as coal, coke, and others. We hypothesized that alkaline by-products with enriched metals and/or soluble salts may provide the means for good plant growth when applied at low soil application rates, but a threshold dosage rate may exist that impairs plant growth. This investigation was conducted to better understand these concerns.
Three types of CKD, three types of LKD, and two other alkaline by-products (Dicalcium Silicate, Carbide Lime) were evaluated in this investigation. These alkaline by-products, and the standard treatment composed of a commercial grade CaCO 3 /CaO mixture, were applied to acidic-metalliferous soil matrices and plant growth evaluated. The objectives of this investigation were to i) determine the physicochemical traits of alkaline industrial by-products, ii) determine plant growth characteristics in acidic-metalliferous soil matrices amended with alkaline by-products and a CaCO 3 /CaO mixture, and iii) determine whether an alkaline byproduct dosage threshold exists, above which plant growth is impaired.
Methods
A synopsis of methods used will be presented below. Detailed methodology is presented in Dollhopf and Mehlenbacher (2001) .
Three LKD by-products (Greymont, Tacoma, MT Limestone) were evaluated which were produced in the northwest United States in kilns heated by a coal/coke fuel mixture. Three CKD by-products were tested that were produced in Montana, two in kilns heated with a coal/coke fuel mixture (Holnam (Coal, Coke) and Ash Grove), and one kiln heated with natural gas (Holnam (CH 4 )). In addition to limestone, amounts of shale, sand, glass, and an iron constituent were placed in the cement kiln, which may have in part contributed to CKD chemical composition.
Dicalcium Silicate was a kiln dust by-product produced during manufacturing of magnesium from dolomite in the state of Washington. Carbide Lime was a by-product from the production of acetylene gas when coke was heated in the presence of CaO to produce calcium carbide, which is treated with water to yield acetylene and carbide lime. The CaCO 3 /CaO mixture was composed of 60 % CaCO 3 and 40 % CaO (dry weight basis).
A bulk composite sample of mill tailings was collected from the Opportunity D-2 pond impoundment located near Anaconda, Montana. The sample was collected to a depth of 45 cm avoiding the initial 0 -7 cm depth increment, which contained some, crushed limestone. The tailings material is a waste product from the processing of copper ore. Similarly, a bulk composite sample of contaminated soil was collected from the east end of Stucky Ridge near Anaconda, MT, within the 0 -10 cm depth increment. This is a natural soil that has been impacted by adjacent smelting activities and subsequent smelter fallout for approximately 100
years. The MSU Plant Growth Center soil was composed of 33 % Bozeman silt-loam, 33 % sand, and 33 % sphagnum peat (volume basis). This soil served as both an optimal control and a growth media for the dosage rate trials.
Total metal analyses for tailings, contaminated soil, and lime products were determined with digestion in HNO 3 and H 2 O 2 , and the extract from a water-saturated paste was used to determine pH, electrical conductivity, sodium adsorption ratio, and soluble metal content. Particle size distribution was determined with a hydrometer using the modified Day method, while dry sieving was used to determine rock content of substrates. Lime requirement of tailings/contaminated soil substrates was determined with Equation 1 (Schafer and Associates and Reclamation Research 1987) . The application rate of each alkaline product was adjusted for calcium carbonate equivalence, percent of oversize (> 0.25 mm) particles, and water content. The alkaline products were applied to the tailings and contaminated soil according to their respective adjusted lime requirement (Table 1) . Lime products were applied to the Plant Growth
Center soil at a rate of 0 % -12 % (dry weight basis) ( Table 2) .
Following treatment of tailings, contaminated soil, and Plant Growth Center soil with each alkaline product, soils were infused with CO 2 gas for several months to facilitate carbonation temperatures were maintained at 18 o C. Pots were configured into a randomized complete block experimental design that included 9 alkaline products and a non-amended control, 3 substrates (tailings, contaminated soil, and Plant Growth Center soil), two plant species, and 8 replications.
Pots received 100 ml of water per day. Following a 111-day growth period, above-and belowground plant biomass was determined on a dry weight basis. Analysis of variance and linear regression were applied to data sets and tests of significance were applied at the 0.05 probability level. Data that failed normality were transformed to normally distributed data prior to tests of significance.
The MSU Plant Growth Center soil was used as the potting medium to evaluate effects of increasing alkaline product dosage rate on plant growth. Each of the nine alkaline products was applied to this growth medium at the following 7 application rates (dry weight basis): 0 %, 2 %, 4 %, 6 %, 8 %, 10 %, 12 %. This experiment utilized the same 2 plant species mentioned previously, was configured into a randomized complete block design, and was replicated 5 times.
Plant growth and harvest procedures were the same as described above.
Results and Discussion

Chemical Traits of Tailings and Contaminated soil
The sandy loam tailings were acidic (pH 1.8) and saline (9.7 ds/m), had a total lime requirement of 47.43 t CaCO3/1000 t of which 19.2 t CaCO 3 /1000 t was required to neutralize the active acidity and potential acidity emanating from sulfide minerals (0.51 %) required 15.9 t CaCO 3 /1000 tons. Tailings contained enriched levels of metals including Al, Cu, Mn, and Zn (Table 3 ). The contaminated natural soil had a sandy loam texture and rock fragment content of 23 %, pH 5.0, was not saline, and had enriched total concentrations of As (443 µg/g), Cu (1400 µg/g), Pb, Mn, and Zn due to approximately 100 years of smelter emissions (Table 3 ). The contaminated soil had a total lime requirement of 7.92 t CaCO3/1000 t of which 5.4 t CaCO3/1000 t was required to neutralize the active acidity and potential acidity emanating from dry deposition of sulfates and sulfide minerals (0.03 %) required 0.94 t CaCO3/1000 tons. The MSU Plant Growth Center soil exhibited a pH range of 7.6 -7.7 and it had no known limiting factors to plant growth.
Chemical Traits of Alkaline Industrial By-products
The pH of alkaline by-products ranged from 9.6 to 13.7. The calcium carbonate equivalence (Table 4) . CKD by-products were enriched 12.2 to 25.9 times for total Zn, while LKD enrichment was 1.3 to 3.8 times that compared to the control. In general, both LKD and CKD had enrichment in As, Cd, Cr, Cu, Pb, Mn, and Ni compared to the control, while Dicalcium Silicate and Carbide Lime were not enriched in these elements (Table 4) .
Alkaline industrial by-products often contained significantly high metal concentrations, which may contribute to toxicity in plants. However, these concentrations may be mitigated when i) applied to the soil at an application rate of 2 -10 % of the soil mass which facilitates dilution of the metal and ii) the change in amendment pH from a range of 9.6 -13.7 to a soil pH of 7.0 -8.4 results in decreased solubility of many but not all metals. Further analytical research was performed to ascertain the behavior of Al and V in the soil matrix. Total concentration and water soluble extract for V and water soluble extract for Al was analyzed in tailings and contaminated soil after 111 days of plant growth. The total and soluble metal concentrations that were inherent in the soils and the alkaline amendments greatly decreased as a result i) the change in soil pH from a range of 1.8 -5.0 to 7.0 -8.4 and ii) the change in pH of the alkaline product from a range of 9.6 -13.7 to 7.0 -8.4 (Table 5) .
Alkaline industrial by-products will typically be applied to acidic-contaminated soil systems in the field at various application rates ranging up to 10 %, i.e. 100 tons amendment/1000 tons soil. There are treatment design risks when alkaline industrial by-products are used to amend acidic-contaminated soils. Additional metal contaminants are incorporated into the root zone and plant growth issues may arise if the soil pH migrates outside the 7.0 -8.4 boundary condition in the future i.e. the soil re-acidifies.
Alkaline By-product Effects on Plant Growth
When tailings (pH 1.8) were not amended with an alkaline amendment, the result was no plant growth (Tables 6 and 7) . When contaminated soil (pH 5.0) was not amended, mean plant growth was comparatively small. All alkaline products produced a desired pH (7.0 -8.4) in the root zone during the plant growth tests.
Following a 111-day plant growth period for Basin Wildrye and Redtop, all alkaline industrial by-products tested had plant growth equal to-or greater than-the CaCO 3 /CaO mixture.
This was the case in tailings and the contaminated soil for above ground plant biomass and root biomass. Based on these data, it was recommended that alkaline industrial by-products discussed in this report be permitted for use in in-situ soil remediation projects. However, it is emphasized that the potential lower cost of alkaline by-products comes with the risk that additional metals will be introduced into the soil that may cause plant growth issues in the future if the soil pH migrates outside the 7.0 -8.4 boundary condition.
Effect of Increasing Application Rates of Alkaline Products on Plant Growth
It was hypothesized that alkaline products have a threshold application rate above which plant growth is significantly impaired. For example, good plant growth resulted when acidic-metal contaminated tailings and soil were amended with Dicalcium Silicate (Table 6 ). However, previous reports indicated Dicalcium Silicate increased soil pH and precipitated metal contaminants from solution (Dollhopf, et al. 1996; Dollhopf and McDaniel, 1997) , but plant growth failed in amended acid mine waste materials (Kelly 1997) . All these investigations used acidic-metalliferous tailings from the Opportunity impoundment located near Anaconda, Montana. However, tailings material collected by Kelly (1997) required a Dicalcium Silicate application rate of 196 tons/1000 tons of tailings, while the required application rate in this investigation was 42.4 tons/1000 tons of tailings. These results indicate that Dicalcium Silicate applied to a soil at a rate of 4.2 % (dry weight basis) enabled good plant growth, but an application rate of 19.6 % resulted in very poor plant growth. This suggests there is a threshold application rate for Dicalcium Silicate below which plant growth is good and above which plant growth will fail. Similarly, Daniels et al. (1996) evaluated an industrial lime by-product and reported a threshold application rate for soil above which plant growth was impaired.
For any alkaline product, including the CaCO 3 /CaO mixture, the greater the application rate the less will be the plant growth (Figure 1 ). Starting with an ideal soil matrix (Plant Growth Center soil) for plant growth with an initial pH range of 7.6 -7.7, each 2 % increase in the alkaline amendment application rate caused an incremental decrease in above ground biomass, following the 90 day plant growth period. Across the amendment application range of 0 % to 12 % the loss in plant biomass was 65 % for Basin Wildrye and 88 % for Redtop. The greater the excess of alkaline amendment residing in the soil matrix to address future potential acidity issues, the greater was the loss in plant growth.
The progressive loss in plant biomass with increasing alkaline product application rate, illustrated in Figure 1 , is not consistent with the threshold concept. A typical threshold would be expressed by similar plant biomass values with increasing alkaline product application, followed by an abrupt decline in plant biomass at the threshold application rate. The principle presented in Figure 1 is that for each alkaline product there will be a steady progressive decline in plant growth as a function of increasing amendment application rate. and ii) greater expenditure of energy by the plant root to uptake water due to soluble salt induced increase in the osmotic potential.
Conclusion
Plant growth was evaluated in acidic-metalliferous tailings and acidic-metal contaminated soil after being neutralized with three lime kiln dust (LKD) industrial by-products, three cement kiln dusts (CKD) industrial by-products, industrial by-products Dicalcium Silicate and Carbide Lime, and a lime product mixture of CaCO 3 /CaO. In addition, effects of increasing alkaline product dosage from 0 % to 12 % (soil dry weight basis) on plant growth in an optimal soil matrix were investigated.
Metals were often present in high concentrations in the alkaline by-product matrix which had a pH that ranged from 9.6 to 13.7. However, evidence indicated that plant growth issues may have been mitigated i) when diluted in the soil profile at a typical application rate of 2 % to 10%
(soil dry weight basis) and ii) by an amended soil pH in the range of 7.0 -8.4 when these metal contaminants were present at low concentrations in the soil solution. Treatment design risk is increased when alkaline by-products are used to amend soils. Additional metal contaminants are incorporated into the root zone and plant growth issues may arise if the soil pH migrates outside the 7.0 -8.4 boundary condition in the future i.e. the soil re-acidifies.
All alkaline products produced a desired soil pH (7.0 -8.4) in the root zone during plant growth test. Following a 111-day plant growth period for Basin Wildrye and Redtop, all alkaline industrial by-products tested had plant growth equal to-or greater than-the CaCO 3 /CaO mixture.
This was the case in tailings and the contaminated soil for above ground plant biomass and root mass. These results indicate the use of alkaline industrial by-products is a viable low cost alternative to limestone, hydrate lime and CaO. However, each industrial by-product should undergo a screening process that includes chemical characterization, and plant growth tests.
It was found that for every alkaline product, including the CaCO 3 /CaO mixture, the greater the application rate, the less will be the plant growth. Starting with an ideal soil matrix (Plant Growth Center soil) for plant growth with an initial pH range of 7.6 -7.7, each 2 % increase in the alkaline amendment application rate caused an incremental decrease in above ground plant biomass. Over the amendment application range of 0 % to 12 %, the loss in plant biomass was 65 % for Basin Wildrye and 88 % for Redtop. The greater the excess of alkaline amendment residing in the soil matrix, the greater was the loss in plant growth. This result was in part attributed to both elevated pH and soluble salts in the soil matrix. Therefore, when designing the alkaline amendment application rate for a project landscape, procedures should be used to apply the correct amount of alkaline material as opposed to a known excess. Excess applications emanate from insufficient data to account for variability across the landscape, thus more alkaline product is applied than required to insure the high rate captures this variability.
